Abstract: Mitochondrial DNA (mtDNA) HVS-I region sequences were obtained from 47 unrelated individuals representing 10 of 12 viloyats of Uzbekistan. In addition, frequencies for five Alu insertion polymorphisms were determined for the same 47 individuals. These data were used to assess the genetic position of Uzbekistan relative to other Central Asians and, more generally, to Eurasian groups. Results show that the Uzbek sample has an approximate balance of west Eurasian (53.2%) and Asian (46.8%) mtDNA lineages, which is reflected by their intermediate position relative to other Eurasian groups in MDS plots based on genetic distance matrices. The Uzbeks also exhibit high sequence diversity, a fragmented median-joining network, and a low regional ST score, all of which suggests a high degree of gene flow from neighboring gene pools. This is consistent with Central Asia's history of repeated incursions by various nomadic peoples from the Asian steppe and the location of the well-traveled Silk Road within the present-day borders of Uzbekistan. In addition, a star-like cluster within haplogroup H was identified in the Uzbek network, potentially representing a west Eurasian genetic substratum of an earlier occupation by Caucasoid peoples.
INTRODUCTION
Central Asia, which encompasses the territories between the Caspian Sea and the western boundaries of present-day China, has been a conduit for cultural, economic, and biological exchanges between Europe and Asia for thousands of years [1] . While much of Central Asia is composed of desolate high altitude regions and broad cold deserts devoid of significant human habitation, its river basins and steppes have been occupied since the Lower Paleolithic [2] . However, in spite of its historical importance during the rise of several far-flung empires and its long record of human habitation, the area is poorly characterized genetically. Several reports have begun to address this deficiency [3] [4] [5] [6] , revealing that the region has been at the center of widespread demographic processes responsible for molding the present-day genetic variation of local populations, as well as neighboring Eurasian groups. In this study, we contribute to the genetic understanding of Central Asia by reporting mitochondrial DNA sequence diversity and Alu element insertion frequencies in Uzbekistan. Our results show comparable frequencies of European and East Asian mtDNA lineages which is reflected by ordination analyses of the pairwise genetic distance matrices that position the Uzbeks intermediate to western and eastern Eurasian populations, strengthening the view of Uzbekistan as a crossroad of humanity.
SUBJECTS AND METHODS

Population Sample
A panel of 50 DNA samples was prepared from whole blood draws at the Institute of Genetics and Plant Experimental Biology of the Academy of Sciences in Tashkent. The origin of each sample was assigned by the birthplace of the donor's mother. Three samples were eliminated because maternal birthplace was not located within Uzbekistan. The remaining 47 individuals are from ten of the twelve viloyats or political districts of Uzbekistan, with the majority (33 of 47 samples, 70.2%) representing the viloyats of Bukhara, Kashkadarya, and Tashkent (Fig. 1) . Thus, the panel provides a broader geographic coverage of Uzbekistan than other samples that are in the literature.
mtDNA Sequencing and RFLP Analyses
A 447 bp mtDNA amplicon containing HVS-I segment of the mitochondrial control region was obtained for each member of the Uzbek panel using the primer set mtFOR: 5'-TCCACCATTAGCACCCAAAGCTA-3' (pos. 15 
Alu Insertion Polymorphisms
Alu elements are a class of retroposons unique to primate genomes [7] . There are more than one million Alu elements in the human genome [8] and a few are young enough that they have yet to become fixed. Polymorphic Alu insertions are two allele loci easily typed by PCR amplification. We chose five loci for typing the Uzbek panel; FXIIIB, TPA25, APO, PV92, and ACE. Summary information on each locus, including PCR primer sequences and PCR reaction conditions, are presented in Table 1 .
Comparison Population Data
Comparative information for mtDNA sequences and Alu insertion polymorphism frequencies was assembled for a number of populations both within and outside Central Asia. MtDNA sequences were obtained for the Central Asian populations Kazakhs, Kirghiz, and Uighurs [3] . Southern Siberian groups are represented by the Altai [9] , Tuva and Buryats [10] , while Eastern Asia is represented by the Mongols [11] and Han Chinese [12] . European groups consist of Russian [13] , Greek [14] , and Anatolian Turk [15] samples. FXIIIB, TPA25, APO, PV92, and ACE Alu insertion frequencies used for population comparison were obtained from the ALFRED database at Yale University (http://alfred. med.yale.edu/alfred/index.asp), including Uighur, Tajik, Buryat, Turk and Greek populations. In addition, several Asian population samples were typed in the present study. These include the Yakuts (n = 50) and Mongols (n = 50), as well as the Chuvash (n = 50) and Koryaks (n = 19) that have not been previously typed for these particular markers. Polymorphism frequencies from these additional samples have been deposited in ALFRED.
Data Analysis
Using the software package Arlequin ver. 2.0 [16] , three different sequence diversity measures were employed: (i) haplotypic diversity [(n/n-1)(1-p i
2 )], where p i is the frequency of the ith haplotype; (ii) estimator of the parameter (2N e ), which is equivalent to the mean pairwise differences between sequences ( ); and (iii) S estimator that is based upon the number of observed nucleotide variant sites (S) within a sequence data set. AMOVA analyses were performed for the entire HVS-I data set, as well as for defined regional groups (see below). The neutrality test statistics Tajima's D [17] and Fu's FS [18] and the parameter of Rogers and Harpending's mismatch model [19] were also computed for the Uzbek sample.
A median-joining (MJ) network was constructed for the Uzbek HVS-I sequences using Network ver. 4.0 [20, 21] . The MJ algorithm generates the most parsimonious trees of observed haplotypes by resolving parallelisms with a compatibility argument justified by multi-state frequency criteria. Unresolvable parallelisms are highlighted as reticulations in a single diagram.
Nei's intermatch-mismatch (D A ) genetic distances [22] between the population data sets were computed using Arlequin ver. 2.0.
, where d ij is the intermatch mean (i.e., the mean number of nucleotide differences) between populations i and j, and d ii and d jj are the mismatch values within populations i and j, respectively. Since a tree representation of genetic distances may be misinterpreted as a succession of population splits, the D A matrix was displayed in two-dimensional space by multidimensional scaling (MDS) using the NTSYS statistical package [23] .
For the Alu polymorphism frequencies, the coefficient of gene differentiation, G ST = (H T -H S )/H T , was computed for each locus using the executable DISPAN [24] , where H T is the gene diversity for the total population (i.e., average allele frequencies for the entire data set) and H S is the average of the gene diversities computed for the individual (sub)populations [25] . Nei's modified Cavalli-Sforza genetic distance [26] was calculated between the populations and visualized using the MDS methodology.
Results
mtDNA Sequence Diversity
mtDNA sequences obtained from the Uzbek panel are presented in Fig. (2) and summary statistics for the Uzbek and comparison populations are shown in Table 2 . A total of 44 different mtDNA sequences are observed in the Uzbek panel. These sequences account for 57 variable positions, of which 56 represent transition events and a lone transversion occurring at np16183 (A C). All three of the population diversity measures based upon mtDNA sequences ( Table 2 ) clearly show that the Uzbek sample is highly diverse and similar to the levels exhibited by the other Central Asian populations. The South Siberians, on the other hand, are collectively less diverse than the other Asian populations listed in Table 2 , suggesting a distinct demographic profile for the history of this particular region. The European groups display diversity scores that generally fall between the range of values for the Central and East Asians and the South Siberians. The extremes of sequence diversity, at least within this limited comparison, are represented by the Buryats and Han Chinese (with the exception of the Altai who have the smallest S value). In the former, a substantial proportion of the HVS-I data set are characterized by a single HVS-I sequence (25.0%) whereas the latter population sample is dominated by low-frequency haplotypes with varied geographic distributions.
Median-Joining Network and Neutrality Test Scores
Based on the network analysis of the HVS-I sequences (Fig. 3) , the Uzbek sample was assigned to a large number of . mtDNA Control-Region HVR I sequences in the Uzbek sample. Dots (.) represent identity with the Cambridge Reference Sequence (CRS) at that nucleotide position (see [50] ). Sequence location (Loc*) is as noted in Fig. (1) . different mtDNA lineages. Within macrohaplogroup M (defined by restriction cut sites at 10394 DdeI and 10397 AluI), the following (sub)haplogroups are observed: C, D, G2a, M7c, M10, M*, and Z. For macrohaplogroup N, which represents the other major mtDNA phylogenetic branch for Eurasian populations, the following are present: A, B4, F, H, J, N*, T, U4, and U5. This spectrum of haplogroups is consistent with those reported for other Central Asian populations [5, 6] .
The overall topology of the network is highly fragmented, displaying long branches between observed haplotypes, with the lone exception being the star-like component centered on haplogroup H. This type of population genetic structure is often associated with population bottlenecks or sustained gene flow from both neighboring and distant gene pools. The neutrality test statistics Tajima's D and Fu's F S are both negative (-1.898 and -25.293, respectively) and significant at the 0.01 level, indicating an inflation in the number of variant sites (S) relative to the mean pairwise differences ( ) and based on coalescent theory is typically interpreted as evidence for population expansion [27, 28] . However, as stated above, the fragmented network structure shows little evidence for this. According to a simulation study conducted by Ray et al. [29] , gene flow (Nm) was shown to have an impact on both neutrality measures, with large Nm values generating highly significant negative test scores through the introduction of low-frequency alleles. Thus, the Uzbek negative scores may be interpreted as a product of the sample's high diversity and the large number of low-frequency, phylogenetically isolated haplotypes introduced into the population by regional gene flow (i.e., 40 of the 44 different sequences have a frequency of one, with 55% of these removed from other haplotypic nodes in the network by at least three variant HVS-I sites). Furthermore, the negative scores repudiate any genetic impact of population bottlenecks, since low-frequency haplotypes would likely be purged in such an event, increasing intermediateand high-frequency variants that would inflate the value of relative to S and thus theoretically pushing both neutrality test statistics towards positive scores.
Among the comparative populations, the Central Asian groups, Buryats, Mongols and Han Chinese all exhibit significant negative scores (P<0.05) for both Tajima's D and Fu's F S (not shown). Similar to the Uzbeks, the Central Asians have fragmented network topologies, whereas the Mongol and Han samples both exhibit elaborate star-like features within various phylogenetic branches, including haplogroup D [12, 30] , the main mtDNA lineage for both populations (24.3 % and 21.2%, respectively). Likewise, the European groups in this study have highly significant scores (P<0.01) and star-like genealogies, which are common genetic signatures for Europeans that have been largely attributed to the Paleolithic expansion of humankind into the continent and the dispersion of Middle Eastern farmers during the Neolithic period [31, 32] . Therefore, in relation to East Asia and Europe, Central Asia appears to be a zone of significant gene flow, with its high sequence diversity, fragmented genealogies, and significant negative neutrality test scores.
Mismatch Analysis
The mismatch distribution for the Uzbeks (Fig. 4) is unimodal, with a peak at 5-6 pairwise differences, which according to coalescent theory (19) indicates past population growth. The coalescent date derived from the mismatch distribution using the fast and more conservative HVS-I mutation rate of 16.5% per nucleotide site per million years [33] is approximately 50,700 YBP (95% CI: 32,300-61,400 YBP). This date is remarkably close to the times estimated for the other Central Asian populations (49,400-51,800 YBP). Given this time estimate, the unimodality of the mismatch distribution is likely to be a signature of ancient demographic processes associated with the initial expansion of humankind into Central Asia during the Paleolithic period, which is consistent with previous mismatch analyses of Eurasian populations [34, 35] .
European-Asian Sequence Sharing
Diversity statistics for Uzbek mtDNAs, while useful, do not address the major issue of assessing the structure of diversity at regional levels. A sequence by sequence comparison between the populations (not shown) indicate that four- teen of the 44 mtDNA sequences observed in the Uzbek sample are shared with the Mongols, four with the Han, six with both the Russians and Turks, and three with the Greeks. Among the shared Uzbek sequences, those corresponding to traditionally European haplogroups H, T, J, and U are predominantly seen in the Central Asian and European samples, while those assigned to traditionally Asian haplogroups A, C, and D are most frequent in the Central Asian, Siberian, and East Asian samples.
In a similar vein, Comas et al. [5] classified their Central Asian sequences, which included a small sample of Uzbeks (n=20), to either a west Eurasian, East Asian, or South Asian/Indian mtDNA category based on diagnostic variant sites and phylogeographic information from previously reported Eurasian population data sets. The authors assigned 45.8% of their total Central Asian sample to west Eurasian mtDNA lineages, 51.6% to East Asian, and 2.6% to South Asian (defined by haplogroups M*, M2 -M6) [36] . Based on this scheme, the Uzbek subset was defined as 50% west Eurasian, 45% East Asian and 5% South Asian. QuintanaMurci et al. [6] also presented HVS-I data for a circumscribed Uzbek sample collected from the southernmost viloyat of Surkhandarya (n=42), with the following composition: 52.4% west Eurasian, 30.9% East Asian, and 16.7% South Asian.
In the present study, the Uzbek sequences represent far greater coverage of Uzbekistan than the aforementioned papers and can be defined as 53.2% west Eurasian (haplogroups H, J, T, U4, U5 and V), 38.3% East Asian (haplogroups A, B4, C, D, F, G2a, M7c, M10, and Z), and 8.5% South Asian (haplogroup M*). Despite the geographic differences between the three sample sets, the frequencies are similar and show an approximate balance between west Eurasian and Asian mtDNA lineages. For the comparative populations, a continent-wide gradient is apparent. To the west, the Greek, Russian, and Anatolian Turk samples can be sorted into mostly European and Middle Eastern groupings with few Asian lineages represented. Conversely, the South Siberian and East Asian groups exhibit sequences that predominantly belong to Asian mtDNA lineages (>80%), with a large percentage identified to haplogroups C and D (which collectively range from 24.4% -52.8%). Thus, the Uzbeks appear to occupy a central position with respect to the mtDNA profile of Eurasian populations.
AMOVA
The genetic structure of the HVS-I data set was further investigated by AMOVA analyses. When the 12 comparative populations were treated as a single group, the proportion of variation among populations ( ST ) is 0.0456, which is highly significant at the 0.001 level. When the populations are placed into regional groups (as defined in Table 2 ), the ST is 0.0525, with the proportion of variation among the groups ( CT ) estimated at 0.03971 (for both P<0.001). Analyzing the Central Asian populations separately, the ST is 0.0053 (P=0.055), which contrasts the ST values for the other regions (South Siberia, East Asia and Europe) that exhibit values that are about 2-8 times larger (for each P<0.001). And when the Central Asians are excluded from the data set, the ST increases from 0.0456 to 0.0655 (P<0.001). These AMOVA results collectively show that the Central Asian populations exhibit less differentiation relative to other re- gional groups, and suggest an important role for the homogenizing effects of gene flow within Central Asia.
MDS Plot of D A Distances
An intermatch-mismatch (D A ) distance matrix based upon all twelve comparative populations was generated and a multidimesional scaling (MDS) representation of this matrix is shown in Fig. (5) . The stress value for the plot is 0.044, which, according to Kruskal [37] , indicates an excellent goodness of fit to the original distance matrix. The first axis displays an East-West orientation that is generally consistent with the geographic locations of the populations, while the second axis primarily delineates the Han Chinese from the other Asian populations. On both axes the Uzbek population holds a central position. From the perspective of the three mtDNA categories described above, the first axis is predominantly influenced by the proportion of population samples that are classified to European or Asian lineages, whereas the second axis reflects significant haplogroup differences among the Asian groups themselves (e.g., haplogroup B has low frequencies in the Asian populations used in this study, with the exception of the Han sample with 16.8% belonging to this haplogroup). When considering linguistic affiliation, the Turkic-speaking peoples maintain the East-West geographic orientation, with the exception of the Altai who are removed from this group relative to the second axis.
Alu Insertion Polymorphisms
Allele frequencies for the five Alu insertion polymorphisms are shown in Table 3 . With the exception of APO, the total gene diversity (H T ) among the populations is quite high, ranging from 0.373-0.485. However, most of the gene diversity is attributable to diversity between individuals within populations (H S ). The degree of genetic differentiation among populations (G ST ) ranges from 0.030-0.160, with an average of 0.0878. A multidimensional scaling (MDS) representation of genetic distances based upon these allele frequencies is shown in Fig. (6) . The stress value is 0.0373, which indicates a very robust fit with the original distance matrix. Again, as with the mtDNA sequences, the first axis is driven by European-Asian differentiation while the second axis is driven by differentiation within Asia itself. Also, as seen with the mtDNA sequences, Uzbekistan occupies a central position on both axes which holds when the non-Turkic speaking populations are removed from the array. 
DISCUSSION
Geographic, cultural, and historical factors have combined to make Central Asia an active nexus for human migration within the Eurasian continent. Starting around 5,000 YBP, the domestication of the horse, followed by the development of wheeled vehicles, gave the inhabitants of the Central Asian steppes a means to expand geographically [38, 39] . These innovations spurred repeated population waves in this region until the Middle Ages, first of Caucasoid and Indo-European speaking peoples, then by the sixth century BC of East Asian nomads speaking languages belonging to the Altaic family [40] . Early Caucasoid migrations from the Andronovo and Srubnaya cultures of the Volga steppe are believed to be responsible for establishing the vast Central Asian settlements attributed to the pastoral Scythians and, later, Sarmatians. By the sixth century BC, the Asian steppes were invaded and subsequently ruled by Mongol nomads known as the Hsiung-nu for several centuries [41] . Shortly after their disappearance from historical chronicles, the T'uchüeh (or Kök-Turks) from Inner Mongolia replaced the Hsiung-nu as the most powerful nomads of Central Asia during the sixth century AD, and thus initiating a historical trend of Mongol-Turkic domination that reached its ultimate manifestation with Chingis Khan's continent-wide empire during the 12 th and 13 th centuries AD.
In addition to the repeated incursions of various nomadic groups, the well-traveled Silk Road has also contributed to the movement of humanity and trade goods across Central Asia since its establishment in the second century BC by the Ch'in dynasty. Uzbekistan encompasses the main arteries of traffic beyond the Tarim basin and central plains of China, with four of the major historical trade centers on the Silk Road -Khiva, Bukhara, Samarkand, and Tashkent -lying within its present-day borders, and a fifth center, Bactria, located just to the south in Afghanistan (Fig. 1) . Genetic results from both mtDNA sequences and five nuclear DNA Alu insertion polymorphisms are consistent with this historical narrative, revealing a genetic imprint of the movement of armies, trade goods, culture, and language through Uzbekistan from both east and west directions.
Several models for the genetic population history of Central Asia have been proposed [42] . From recent genetic studies, three scenarios have been evaluated [5, 6] . First, that Central Asia was settled approximately 40,000 to 50,000 years ago and represents the region where non-African mtDNA matured and differentiated into major Eurasian haplogroups prior to human expansion into Europe and East Asia. Alternatively, the second and third scenarios both posit that Central Asia served as a thruway in the colonization of Eurasia during the Paleolithic period and that more recent history marked by generations of gene flow is primarily responsible for molding the contemporary genetic structure of the region. Specifically, the second scenario holds that Central Asia was as a "contact zone" between differentiated groups of peoples from east and west Eurasia, whereas the third scenario posits that Central Asia was a "hybrid zone" for its original inhabitants, western Caucasoid peoples, who were partially replaced by eastern peoples. The prevailing conclusion among the few genetic studies of extant Central Asian populations favors the second scenario though there is evidence that some putatively ancient Central Asian-specific lineages persist [5] .
Our results, specifically the mtDNA lineage composition of the Uzbeks and MDS reductions of genetic distances based on HVS-I sequences and Alu polymorphisms suggest that Uzbekistan is the genetic fulcrum of Central Asia. The Uzbek sample displays an approximate balance between west Eurasian and Asian mtDNA lineages, for which each of these mtDNA groupings exhibits opposing east-west frequency gradients among the other comparative population samples included in this study. This pattern is also reflected in the MDS plots, which place the Uzbeks intermediate to the European and Asian groups in two-dimensional space. Therefore, given the lack of substantial overlap between present-day western and eastern Eurasian haplogroups, the first scenario appears to be unlikely. The genetic patterns in and of themselves do not conclusively favor one of the two remaining scenarios, but the MJ network and the AMOVA results appear to more consistent with the notion of Central Asia as a contact zone between eastern and western peoples. The network has an overall shattered topology consisting of long internal branches void of expressed haplotypic nodes, which, given the large diversity of both western and eastern Eurasian mtDNA lineages, is likely to be the product of gene flow rather than autochthonous population expansion that is typically associated with star-like clusters. Furthermore, the ST value for the Central Asians is smaller relative to the other regions considered in this study and non-significant at the 0.05 level, suggesting an important role for gene flow between the populations of Central Asia.
However, despite the overall fragmented structure of the Uzbek network, a lone star-like cluster is evident within haplogroup H. This mtDNA lineage has its largest frequencies in European populations, for which it also exhibits a star-like phylogeny [43] . A coalescent age of 19,200-21,400 YBP (95% confidence interval) for haplogroup H in Europeans was estimated by Richards et al. [31] using the statistic and a mutation rate of one transition per 20,180 years [44] . Using the same methodology (Network ver. 4.0), the age of haplogroup H for the Uzbek sample is approximately 22,000 YBP ( statistic is 1.091±0.364), which is close to the European values and younger than the 95% CI ages derived for Near Eastern populations (24,300-29,000 YBP). Furthermore, sequence sharing for Uzbek haplogroup H (10 sequences, 21.3%) was observed exclusively with the Russian, Greek and Turk data sets analyzed in this study, which suggests that the star-like component may represent an earlier occupation of the region by European populations. This scenario is consistent with several facts that point to the presence of western peoples in Central Asia: ancient Chinese texts and the Greek historian Herodotus describe the Scythians as having European morphological traits [45] ; extinct Indo-European language, Tocharian, was spoken in the area during the latter half of the first millennium AD [46] ; and the presence of mummified bodies with European facial traits in Xinjiang province, China, such as blond or reddish hair and straight noses [47] . Ancient mtDNA analyses also support this scenario. Lalueza-Fox et al. [48] typed 27 skeletal remains from Kazakhstan dating between the 15 th century BC and 5 th century AD for the HVS-I and diagnostic RFLPs in the coding region. The authors discovered a west Eurasian genetic substratum in their sample. Specimens dating prior to the 7 th century BC (n = 13) were all characterized to west Eurasian haplogroups, with four samples from this subset representing haplogroup H. After this period, 50% of the remaining samples (n = 14) were typed to west Eurasian lineages, 42.9% to East Asian, and 7.1% to South Asian. It is noteworthy that the westward movement of Asian nomads, namely the Hsiung-nu, is estimated to have taken place around the 6 th century BC, and thus this historical development shows close correspondence to the genetic discontinuity. Remarkably, the mtDNA frequency values of the post-7 th century BC subset are very close to those reported for the Uzbeks in the present study (53.2%, 38.3%, and 8.5%, respectively). Three of the Uzbek HVS-I sequences, two belonging to haplogroup H and one to haplogroup T, are shared with this ancient mtDNA data set. Therefore, when considering the historical, archaeological and genetic evidence outlined above, the hybrid zone scenario, which posits early occupation by western Caucasoid peoples followed by East Asian admixture, appears to be the most parsimonious model for the genetic history of Central Asia.
On a final note, Comas et al. [5] identified two putatively ancient Central Asian mtDNA lineages, G2a (16223T, 16227G, 16278T, 16362C) and D4c (16245T). Interestingly, only G2a was identified in the Uzbeks, observed in an individual from Surkhandarya, the southernmost of Uzbekistan's viloyats. The other mtDNA lineage, which was reported at appreciable frequencies in other Central Asian populations, is not evident in either our sample nor among Lalueza-Fox et al.'s ancient HVS-I sequences, and thus weakening the argument that D4c represents an ancient lineage of Central Asia.
Overall, the genetic character of our sample, a broader representation of the Uzbek population than those of other studies, places Uzbekistan at the center of ancient and widespread demographic processes that have been largely responsible for the contemporary genetic structure of Asian populations. However, additional genetic research still needs to be done on this region. Initial results from Y-chromosomal markers for Central Asian groups conflict with the genetic picture produced by mtDNA by showing a high degree of genetic differentiation between populations [4] , a global trend that has been attributed to differential male and female migration patterns [49] . Furthermore, the presence of a west Eurasian genetic substratum, or lack thereof, needs to be more fully investigated using other genetic systems. As further details of the genetics of Uzbekistan emerge and are considered within the context of its history and culture, its unique role as a crossroads of humanity will undoubtedly expand.
